Introduction {#s0005}
============

Prostate cancer is the most common cancer among men in the United States. Advances in diagnosis, treatment, and management have resulted in increased survival rate, yet prostate cancer still remains the second leading cause of cancer-related deaths among American men [@bb0005], [@bb0010]. One of the major barriers to achieving successful prostate cancer control is the underlying molecular complexity of the disease itself [@bb0015]. Morphologically, prostate cancer is well known to be a diverse disease with patients developing tumors with varying pathological characteristics [@bb0020], [@bb0025]. Many studies have also indicated that prostate cancer is highly heterogeneous with distinct molecular aberrations observed in patient subgroups [@bb0030], [@bb0035], [@bb0040]. For example, roughly 50%-60% of prostate cancer patients are known to carry E26 transformation-specific (ETS) family rearrangements, where *ERG, ETV1, ETV4,* or *ETV5* genes are fused with androgen regulated 5′ partner genes [@bb0045]. Additionally, the overexpression of *SPINK1* has been observed in about 5%-10% of prostate cancer patients [@bb0050]. Furthermore, 1%-2% of the cases are known to carry *RAF* kinase (*BRAF, RAF1*) gene fusions [@bb0055], while the genetic underpinnings in the remaining 30%-40% of the prostate cancer cases are not known [@bb0030]. Importantly, distinct molecular changes have been linked with unique disease outcomes [@bb0050], [@bb0060], [@bb0065], indicating complex heterogeneity among patients with respect to disease progression. Therefore, discovery of new molecular markers for further patient stratification is an urgent unmet clinical need to facilitate targeted therapy and effective prostate cancer management.

Currently, prostate cancer diagnosis is primarily based on prostate-specific antigen (PSA) levels and Gleason Grade Group, a scoring system based on the morphology of the prostate tissue [@bb0070]. Following the detection of elevated PSA or pro-PSA levels, prostate cancer is identified by the presence of Gleason Graded cancer on needle biopsies. The decision to pursue immediate treatment or continue active surveillance is determined using the Gleason Grade Group. However, the rise in PSA is not prostate cancer specific and is multifactorial [@bb0075]. Therefore, PSA has been an inadequate diagnostic marker, in some cases leading to overdiagnosis and unnecessary treatment. On the other hand, though high--Gleason Grade Group tumors are known to be clinically aggressive, whether low--Gleason Grade Group tumors require treatment has been debated [@bb0080]. While intervention in low--Gleason Grade Group cancers may result in overtreatment, watchful waiting may also pose an unnecessary risk and additional burden of repeat biopsies. Given these limitations of the existing markers and the recognition of prostate cancer as a heterogeneous disease, molecular markers specific to distinct patient subgroups are required as alternatives for both initial cancer diagnosis and distinguishing aggressive cancer from indolent disease.

Although several recurrent molecular alterations have been identified in a subset of prostate cancer cases, the genetic aberrations in prostate cancer patients negative for all the known molecular makers remain to be studied. Moreover, most prostate cancer molecular studies have been carried out on Caucasian American patients with little representation of the African American population [@bb0085]. Despite the unique ancestral background of African Americans and the aggressive nature of prostate cancer in African American patients, the genetic underpinnings behind the racial disparity of prostate cancer markers are not well studied. Therefore, the study of additional molecular aberrations using large cohorts of a racially diverse population is a pressing need in prostate cancer research. In addition to identifying subtype-specific prostate cancer diagnostic and prognostic markers, such studies may also facilitate the development of novel therapeutic approaches by uncovering molecular alterations, which may be pharmacologically targeted in distinct patient subgroups.

Given the need for identifying novel molecular markers in prostate cancer patients, we investigated the expression patterns of pseudogenes in 89 prostate cancer patient samples using a paired-end next-generation sequencing approach [@bb0090]. Often considered as dysfunctional relatives of known protein-coding genes, pseudogenes have recently been implicated in cancer with roles in gene regulation [@bb0095]. While we observed distinct expression changes in several pseudogenes in prostate cancer compared to normal prostate tissue, we also noted the rare occurrence of a chimeric transcript formed through the fusion of the androgen regulated gene *KLK4* (Kallikrein Related Peptidase 4) with the adjacent pseudogene *KLKP*1 (Kallikrein Pseudogene 1). Importantly, the fusion converts the *KLKP1* pseudogene to a protein-coding gene with a predicted chimeric protein of 164 amino acids, of which 55 amino acids are derived from the pseudogene part due to a shift in the open reading frame [@bb0090]. Although a few pseudogenes have been previously reported to be expressed as proteins [@bb0100], [@bb0105], *KLK4-KLKP1* is a rare example where gene fusion leads to the conversion of a noncoding pseudogene to a protein-coding gene. Further studies showed that *KLK4-KLKP1* fusion is both prostate tissue and cancer specific, suggesting a role in prostate cancer formation [@bb0090]. Both the prostate cancer specific expression and the intriguing nature of the *KLK4-KLKP1* fusion warrant further functional studies to understand the role of *KLK4-KLKP1* in prostate cancer development. Therefore, in this study, we explored the prevalence, the expression pattern, noninvasive detection, and the oncogenic properties of *KLK4-KLKP1* to investigate the potential of *KLK4-KLKP1* fusion gene as a novel molecular marker in prostate cancer.

Materials and Methods {#s0010}
=====================

Tissue Microarray Construction {#s0015}
------------------------------

Prostatectomy samples collected from 659 patients who underwent radical prostatectomy at Henry Ford Health Systems were reviewed, and tissue cores containing benign and tumors from different regions of the radical prostatectomy tissues were isolated to construct formalin-fixed and paraffin-embedded tissue microarrays. In most cases, a total of three tissue cores from different regions were obtained from each whole mount radical prostatectomy sample. In all cases, appropriate informed consent and Institutional Review Board approval were obtained. The Gleason Grade Group of each tissue core was reviewed by the study pathologists (N.G., D.C., and S.W.). Clinical and pathological information of patients such as age, race, family history of prostate cancer, preoperative PSA, prostatectomy date, Gleason Grade Group, tumor stage, cancer status of the lymph nodes, tumor volume, perineural invasion, presence of lymph vascular invasion, last PSA, and presence of biochemical recurrence was also recorded.

KLK4-KLKP1 RNA *In Situ* Hybridization (RNA-ISH) {#s0020}
------------------------------------------------

RNA-ISH was performed as described previously using RNAscope 2.5 HD Reagent Kit (ACDBio, catalog \#322350) according to the manufacturer\'s instructions [@bb0005]. Briefly, after baking, deparaffinization, and target retrieval per manufacturer\'s instructions, tissue microarray (TMA) slides were incubated with target probes for KLK4-KLKP1 (ACDBio, catalog \#405501, NM_001136154, region 2933--3913) for 2 hours at 40°C in a humidity chamber. After detection and color development, slides were washed twice in deionized water and then counterstained in hematoxylin (Agilent DAKO, catalog \#K800821-2) for 5 minutes. Slides were washed several times in tap water, then dried, dipped in xylene, and mounted in EcoMount (Fisher, catalog \#50-828-32). Next, the slides were scanned using a digital imaging system (Aperio Scanner, Leica). The images were reviewed, and the RNA-ISH signal on the TMAs was scored. A staining pattern of distinct punctuate cytoplasmic dots was considered as a positive RNA-ISH signal for KLK4-KLKP1 expression. Depending on the intensity of the RNA-ISH staining, a score ranging from +1 to +4 was given to tissue cores with positive RNA-ISH signal, with +1 assigned to the weakest RNA-ISH staining and +4 given to the cores showing the most intense RNA-ISH staining. A score of 0 was assigned to tissue cores with no visible RNA-ISH staining. The highest score observed among the tissue cores was then assigned to each patient case. If all tissue cores of a patient were 0, the case was recorded as negative.

Cell Culture {#s0025}
------------

HEK-293 cells and prostate benign epithelial cells (RWPE-1, \#CRL-11609) were purchased from American Type Culture Collection (Manassas, VA). Primary prostate epithelial cells (PrEC) were purchased from Lonza (Walkersville, MD). HEK-293 cells were cultured in MEM media (Thermo Fisher Scientific, catalog \#11095080,) supplemented with 10% FBS (fetal bovine serum, Thermo Fisher Scientific, catalog number \#10082147). RWPE-1 cells were cultured in keratinocyte serum free medium (K-SFM, Gibco, Thermo Fisher Scientific, catalog \#17005-042, Carlsbad, CA) supplemented with Bovine Pituitary Extract (BPE, 0.05 mg/ml, Thermo Fisher Scientific, catalog \#17005-042), human recombinant Epidermal Growth Factor 1-53 (EGF 1-53, 5 ng/ml, Thermo Fisher Scientific, catalog \#17005-042), and 1% penicillin/streptomycin. PrEC cells were cultured in Prostate Epithelial Cell Basal Medium (PrEGM) supplemented with Prostate Epithelial Cell Growth Kit (Clonetics PrEGM, BulletKit, Lonza). All cell cultures were maintained at 37 °C in an incubator with a controlled humidified atmosphere composed of 95% air and 5% CO~2~.

*In Vitro* Overexpression of KLK4-KLKP1 {#s0030}
---------------------------------------

KLK4-KLKP1 cDNA was PCR amplified using a forward primer with DDK tag and a reverse primer from KLK4-KLKP1 template and was cloned into the Gateway expression system (Life Technologies). To generate lentiviral and adenoviral constructs, PCR8-KLK4-KLKP1 (DDK tagged) was recombined with pLenti6/V5-Dest (Life Technologies) or pAD/CMV/V5-Dest (Life Technologies), respectively, using LR Clonase II (Life Technologies). For transient overexpression in HEK-293, RWPE-1, and PrEC cells, adenoviruses carrying KLK4-KLKP1, EZH2, or lacZ were added to the culture media after cells reached 50%-70% confluency. At the same time, cells were treated with or without bortezomib (100 nM in ethanol, 10 μl, Cayman Chemical, catalog \#10008822). After incubation for 48 hours at 370°C, cells were harvested by scraping. For stable overexpression, RWPE-1 cells were infected with lentiviruses expressing KLK4-KLKP1 or lacZ, and stable clones were selected with blasticidin (3.5 μg/ml, Sigma-Aldrich, St Louis, MO). Lenti- and adenoviruses were generated by the University of Michigan Vector Core (Ann Arbor, MI).

Western Blotting {#s0035}
----------------

Harvested cells were spun down (1000 rpm, 5 minutes, 4°C). For HEK-293 cells, the cell pellet was resuspended in RIPA lysis buffer (Thermo Fisher Scientific, catalog \#PI89900) supplemented with protease inhibitor (1×, genDEPOT, catalog \#50-101-5488). For RWPE-1 cells, NP-40 lysis buffer (Boston BioProducts, Ashland, MA) with protease inhibitor was used to lyse the cells. With xenograft tissues, frozen tissues were cut into small pieces and then sonicated on ice in RIPA lysis buffer. The debris from cells or tissues were removed by centrifugation (13.2 rpm, 10 minutes, 4°C). Protein concentration of the supernatant was determined using Micro BCA protein assay kit (Thermo Fisher Scientific, catalog \#23235). The lysates were separated on a 12% SDS-PAGE or a NuPAGE 4%-12% Bis-Tris protein gel. After separation, proteins were transferred onto a PVDF membrane (Milipore Immobilon-P, Fisher, catalog \#IPVH00010). Then the membranes were probed with specific antibodies: Flag (Sigma, catalog \#F1804), KLK4/KLKP1 (Eurogentec custom synthesized antibody), and β-actin (Sigma, catalog \#A2228). The membranes were visualized on an imaging system (ChemiDoc, BIO-RAD) using a chemiluminescence developing kit (Clarity Western ECL Blotting Substrates, BIO-RAD, catalog \#1705060).

Measurement of Cell Proliferation {#s0040}
---------------------------------

Cell proliferation was measured by cell counting. For this, stable RWPE-1 cells overexpressing KLK4-KLKP1 (DDK-tagged) or lacZ were used. The cells were seeded at a density of 10,000 cells per well in 24-well plates (*n* = 3). Next, the cells were trypsinized and counted at specified time points by a Z2 Coulter particle counter (Beckman Coulter, Brea, CA). LacZ cells served as controls. Each experiment were performed with three replicates per sample.

Matrigel Invasion Assay {#s0045}
-----------------------

Matrigel invasion assays were performed using BD BioCoat Matrigel matrix (Corning Life Sciences, Tewksbury, MA). The parental and transfected clones of RWPE-1 and PrEC cells were seeded at 1 × 105 cells in serum-free medium in the upper chamber of a 24-well culture plate. The lower chamber containing respective medium was supplemented with 10% serum as a chemoattractant. After 48 hours, the noninvading cells and Matrigel matrix from the upper side of the chamber were gently wiped with a cotton swab. Invasive cells located on the lower side of the chamber were stained with 0.2% crystal violet in methanol, air-dried, and photographed using an inverted microscope (4×). Invasion was quantified by colorimetric assay or by counting the number of cells. For colorimetric assays, the inserts were treated with 150 μl of 10% acetic acid and the absorbance measured at 560 nm.

Chicken Chorioallantoic Membrane Assay (CAM) assay {#s0050}
--------------------------------------------------

CAM assay was performed as described earlier [@bb0110]. Briefly, fertilized eggs were incubated in a rotary humidified incubator at 38°C for 10 days. CAM was dropped by making two holes, one through the eggshell into the air sac and a second hole near the allantoic vein that penetrates the eggshell membrane but not the CAM. Subsequently, a cutoff wheel (Dremel) was used to cut a 1-cm^2^ window to expose the underlying CAM near the allantoic vein. After 3 days of implanting the 2\*10^6^ cells in 50 μl medium on the top of each egg, lower CAM was harvested and analyzed for the presence of tumor cells by quantitative human Alu-specific PCR. Genomic DNA from lower CAM and livers was prepared using Puregene DNA purification system (Qiagen USA), and quantification of human-Alu was performed as described earlier \[[@bb0110]\]. After 7 days of implantation, extraembryonic tumors were isolated and weighed. An average of eight eggs per group was used in each experiment.

### Gene Expression Microarray Analysis {#s0055}

Two-channel microarray experiment was performed with two replicates using the Agilent Whole Human Genome Oligo Microarray (Agilent, catalog \#G4851C Whole Human Genome Microarray 8×60K). Raw data from each replicate were independently processed using Bioconductor packages. "agilp" Bioconductor package [@bb0005] was used to apply loess normalization on raw expression values. Fold change for each probe was obtained by taking difference of loess-normalized, log-2--transformed signal intensity between sample with KLK4-KLKP1 gene fusion and control sample. Probes showing differential expression in both two-channel experiments were considered for functional analysis. In total, 1956 probes were upregulated (with Log2FC \> =1) and 1918 probes were downregulated (with log2FC \< = −1) in KLK4-KLKP1 gene fusion sample. Heatmap of differentially expressed genes was created using heatmap.2 of "gplots" R package.

### Gene Set Enrichment Analysis (GSEA) {#s0060}

GSEA was performed using the curated gene sets \[C2\] (*n* = 1267) from Molecular Signature Database (MSigDB v5.0) provided by the Broad institute [@bb0010] Differentially expressed genes were ranked by average log2FC from two arrays and submitted to GSEAPreranked module in GSEA software.

### KEGG Pathway Analysis {#s0065}

Database for Annotation, Visualization, and Integrated Discovery (DAVID) v6.8 [@bb0015] was used to identify enriched KEGG pathways in these differentially expressed genes. With default parameters (gene count of 2 and EASE of 0.1), functional annotation chart was obtained, and KEGG pathways with *P* value \< .05 were considered to be enriched.

### Screening of KLK4-KLKP1 in the Urine Samples of Prostate Cancer Patients {#s0070}

Random urine samples were collected with informed consent and Institutional Review Board approval from PCa patients visiting the Hematology Oncology clinic at Henry Ford Hospital in Detroit, MI. RNA was isolated using ZR urine RNA isolation kitTM (Zymo Research, catalog \# R1038 & R1039) according to manufacturer\'s instructions. cDNA synthesis and qRT-PCR were performed as described earlier.

Statistical Analysis {#s0075}
--------------------

Pearson\'s chi-square test was used to evaluate the association of KLK4-KLKP1 fusion with race, age, Gleason Grade Group, and other molecular markers. For association between KLK4-KLKP1 and preoperative PSA, two-sample *t* test was performed to evaluate the difference in log-transformed preoperative PSA between KLK4-KLKP1 positive and negative cases. Multivariable Cox regression was used to estimate the association between KLK4-KLKP1 and the risk of biochemical recurrence. Cox regression model was adjusted for patients\' age group (\<50; ≥50), Gleason Grade Group (1 or 2; 3 or 4+), and tumor stage (pT2; pT3 or pT4). For all analyses, a *P* value \< .05 was considered statistically significant. All analyses were performed using the Statistical Analysis System statistical software package, version 9.1.3. For the rest of the experiments, Student\'s two-sample *t* test was used to determine significant differences between two groups. *P* values \< .05 were considered significant.

Results {#s0080}
=======

Both *KLK4* and *KLKP1* belong to the kallikrein family of serine proteases, a cluster of genes located on chromosome 19 (q13.33-q13.41). The gene cluster contains 15 members, including *KLK3*, which is commonly known as PSA [@bb0115]. The *KLK4-KLKP1* fusion is formed by a trans-splicing mechanism or an in-frame fusion due to a microdeletion of the region between the adjacent genes, *KLK4* and *KLKP1*, leading to the fusion of the first two exons of *KLK4* with exon 4 and 5 of *KLKP1* ([Figure 1](#f0005){ref-type="fig"}*A* **and Supplementary Figure 1,** GenBank ID 2227664). The resulting chimeric sequence predicts a 164--amino acid protein, of which 55 amino acids are derived from KLKP1 ([Figure 1](#f0005){ref-type="fig"}*B*). According to data on the GTEx portal, full-length KLKP1 is exclusively expressed in normal prostate tissue (**Supplementary Figure 2**). In contrast, quantitative PCR (qRT-PCR) analysis of prostate cancer samples, prostate cell lines, benign prostate tissues, and other solid cancers revealed that *KLK4-KLKP1* fusion transcript is prostate cancer specific and expressed in a subset of cases [@bb0090]. However, the study included only a limited number of prostate cancer samples (*n* = 36), and the occurrence of *KLK4-KLKP1* in a large, racially inclusive cohort must be explored to determine the prevalence of *KLK4-KLKP1* in the prostate cancer patient population. Therefore, we studied the expression of *KLK4-KLKP1* on a larger patient cohort by using RNA *in situ* hybridization (RNA-ISH). Specifically, we constructed TMAs using prostate cancer tissues obtained from 659 radical prostatectomy (RP) specimens at the Henry Ford Health Systems. The cohort was racially inclusive with 380 Caucasian Americans (58%), 250 African Americans (38%), and 29 patients (4%) belonging to other racial groups. Each TMA contained three cores obtained from different regions of the radical prostatectomy tissue from each patient (**Supplementary Figure 3**). The individual tissue cores in each patient were reviewed, and the highest tumor grade observed was assigned to each case. Thus, the TMAs included 612 patient cases with all cores carrying prostate cancer (Gleason Grade Group 1 \[3 + 3 = 6\]: 110, Gleason Grade Group 2 \[3 + 4 = 7\]: 247, Gleason Grade Group 3 \[4 + 3 = 7\]: 119, Gleason Grade Group 4 \[4 + 4 = 8\]: 94, and Gleason Grade Group 5 \[4 + 5 = 9; 5 + 4 = 9 and 5 + 5 = 10\]: 42). The rest of the cases consisted of 23 cases with benign, 21 cases with high-grade prostate intraepithelial neoplasia (HGPIN), 2 cases with stroma, and 1 case with atypical cores. RNA-ISH was carried out using an antisense RNA oligonucleotide probe specific to the *KLK4-KLKP1* fusion. The TMA slides were then reviewed for the intensity of the RNA-ISH signal. A score of expression ranging from 0 to 4+ was given according to the intensity of the RNA-ISH signal, where 0 indicated no detectable RNA-ISH signal, while 4+ was assigned to the highest level of RNA-ISH signal [@bb0120].Figure 1The structure of *KLK4-KLKP1* fusion and the RNA-ISH screening of *KLK4-KLKP1* in tissue micro arrays. (A) Schematic diagram showing the structure of *KLK4-KLKP1* fusion. *KLK4-KLKP1* is formed through the fusion of exon 1 and 2 of *KLK4* gene with exon 4 and 5 of *KLKP1*. (B) The predicted sequence of *KLK4-KLKP1* fusion protein. The sequence in purple is derived from KLK4, while the sequence in red is originating from KLKP1. (C) The expression of *KLK4-KLKP1* in prostate tissue cores detected by RNA-ISH. The bottom set of images shows an enlarged section of the corresponding tissue core in the top set of images. Values 1+ to 4+ indicate the intensity of *KLK4-KLKP1* RNA-ISH staining. (D) Prostate cancer specific expression of *KLK4-KLKP1*. *KLK4-KLKP1* RNA-ISH staining in benign, HGPIN, and prostate cancer tumor cores is shown. The bottom set of images contains a magnified area of the images on the top. Values 1+ to 4+ refer to the intensity of the *KLK4-KLKP1* RNA-ISH staining. (E) *KLK4-KLKP1* is expressed more in the prostate cancer patients (Gleason Grade Group 1-5) compared to noncancer (benign, HGPIN, atypical, and stroma) cases. The percentage of cases showing a positive *KLK4-KLKP1* RNA-ISH signal among noncancer and Gleason Grade Group1-5 is shown. *P* value was calculated based on Pearson\'s chi-square test. (F) *KLK4-KLKP1* is expressed more in young prostate cancer patients. The percentages of cases with positive *KLK4-KLKP1* RNA-ISH signal in the young patient (age lower than 50 years) and old patient groups (age equal to or higher than 50 years) are shown. *P* value was calculated based on Pearson\'s chi-square test. (G) *KLK4-KLKP1* expression is associated with *ERG* overexpression. *SPINK1*, *ETV1*, *ETV4,* and *ETV5* overexpression is mutual from *KLK4-KLKP1* expression. *PTEN* loss is significantly lower in cases with *KLK4-KLKP1* expression. The percentages of cases showing positive signal for *ERG*, *SPINK1*, *ETV1*, *ETV4*, *ETV5,* or *PTEN* loss among *KLK4-KLKP1* RNA-ISH positive cases (dark gray bars) and *KLK4-KLKP1* RNA-ISH negative cases (light gray bars) are shown. *P* value was calculated based on Pearson\'s chi-square test. Abbreviations: GG, Gleason Grade Group; HGPIN, high-grade prostate intraepithelial neoplasia.Figure 1

Of the 659 cases in the cohort, 209 (32%) were positive for *KLK4-KLKP1* fusion, indicating the recurrent nature of *KLK4-KLKP1* among prostate cancer patients. Most of the *KLK4-KLKP1*--positive cases showed RNA-ISH signal intensity of 1+ (130 cases; [Figure 1](#f0005){ref-type="fig"}*C*), while more intense RNA-ISH signal 2+ was observed in 66 cases, 3+ in 12 cases, and 4 + in 1 case, suggesting varying expression levels among patients. The remaining cases were "0" or negative. To further confirm that KLK4-KLKP1 is specific to prostate cancer, we then explored the association of *KLK4-KLKP1* RNA-ISH signal with Gleason Grade Group by using Pearson\'s chi-square test. The results showed that *KLK4-KLKP1* is exclusively expressed in prostate cancer tissues compared to benign, high-grade prostate intraepithelial neoplasia and atypical prostate tissues ([Figure 1](#f0005){ref-type="fig"}*D*, *E* and [Table 1](#t0005){ref-type="table"}), confirming that *KLK4-KLKP1* expression is prostate cancer specific. Additionally, we also analyzed if KLK4-KLKP1 expression is associated with Gleason Grade Group. No associations were observed between KLK4-KLKP1 RNA-ISH signal and distinct Gleason Grade Groups ([Table 2](#t0010){ref-type="table"}).Table 1The Comparison of KLK4-KLKP1 RNA-ISH Status Between Noncancer (Benign, HGPIN, Atypical, Stroma) and GG 1-5 CasesTable 1Tumor GradeNo. of Cases with KLK4-KLKP1 RNA-ISH\
NegativeNo. of Cases with KLK4-KLKP1 RNA-ISH\
Positive*P* ValueNoncancer (benign, HGPIN, atypical, stroma)39 (83%) 88 (17%)GG 1, 2, 3, 4, 5409 (67%)201 (33%).02[^3]Table 2KLK4-KLKP1 RNA-ISH Status Compared Between Different Gleason Grade GroupsTable 2Tumor GradeNo. of Cases with KLK4-KLKP1 RNA-ISH NegativeNo. of Cases with KLK4-KLKP1 RNA-ISH Positive*P* ValueGG 17039\>.05GG 216582\>.05GG 37939\>.05GG 46430\>.05GG 53111\>.05[^4]

Next, we investigated if *KLK4-KLKP1* fusion displays racial disparity in the incidence. The 209 positive cases included 128 Caucasian Americans (34%), 69 African Americans (28%), and 12 patients of other races (41.4%). The prevalence of *KLK4-KLKP1* was higher in Caucasian Americans compared with African American patients. However, when analyzed by Pearson\'s chi-square test, the difference in *KLK4-KLKP1* expression between Caucasian American and African American patients was not statistically significant ([Table 3](#t0015){ref-type="table"} and Supplementary Figure 4). Then, we also explored if *KLK4-KLKP1* expression is related to patient age. We categorized the patients into two groups as young (age ranging from 40 to 49 years) and old (age ranging from 50 to 83 years). Pearson\'s chi-square test showed significantly higher expression of *KLK4-KLKP1* in young age group compared to the older age group ([Figure 1](#f0005){ref-type="fig"}*F* and [Table 4](#t0020){ref-type="table"}).Table 3KLK4-KLKP1 RNA-ISH Status Compared Between AA and CA PatientsTable 3RaceNo. of cases with KLK4-KLKP1 RNA ISH\
PositiveNo. of cases with KLK4-KLKP1 RNA-ISH\
Negative*P* ValueAfrican American (AA)69 (28%)181 (72%)Caucasian American (CA)128 (34%)250(66%).098[^5]Table 4KLK4-KLKP1 RNA-ISH Status Compared Between Young (Age Lower Than 50 Years) and Old (Age Equal to or Higher than 50 Years) PatientsTable 4Age GroupNo. of Cases with KLK4-KLKP1 RNA-ISH\
PositiveNo. of Cases with KLK4-KLKP1 RNA-ISH Negative*P* ValueYoung age (less than 50 years)26 (57%)20 (43%)Old age (equal to 50 years or higher)183 (30%)427 (70%).0002[^6]

The other common prostate cancer--specific mutations such as ETS gene fusions and *SPINK1* overexpression are known to occur in a mutually exclusive manner. Therefore, we also analyzed the association of *KLK4-KLKP1* fusion expression with ETS gene fusions and *SPINK1* expression. We screened the same set of TMAs by using dual immunohistochemistry (IHC) for *ERG* and *SPINK1* and dual RNA-ISH for *ETV1, ETV4,* and *ETV5*. By using Pearson\'s chi-square test, we observed that *KLK4-KLKP1* expression is associated with *ERG*+ cases ([Figure 1](#f0005){ref-type="fig"}*G*, Supplementary Figure 5, and [Table 5](#t0025){ref-type="table"}). However, no such association was observed with *SPINK1*, *ETV1*, *ETV4,* and *ETV5* ([Figure 1](#f0005){ref-type="fig"}*G* and [Table 5](#t0025){ref-type="table"}**)**, suggesting the concurrent expression of *KLK4-KLKP1* with distinct ETS gene fusion positive cases. Next, we investigated if *KLK4-KLKP1* is related with *PTEN* loss, another common prostate cancer mutation that is associated ERG+ and aggressive disease [@bb0125], [@bb0130], [@bb0135]. We carried out IHC for *PTEN* on the same set of TMAs and found that *PTEN* deletion was significantly lower in *KLK4-KLKP1--*positive cases compared to *KLK4-KLKP1*--negative cases **(**[Figure 1](#f0005){ref-type="fig"}*G* and [Table 5](#t0025){ref-type="table"}**).** Given that *ERG* is known to co-occur with *PTEN* loss [@bb0140], we further analyzed if there is any significant difference in *PTEN* loss in cases showing both *ERG* fusion and *KLK4-KLKP1* compared to the rest of the cases. No significant difference in *PTEN* status was observed in cases with *ERG* fusion and *KLK4-KLKP1* expression, suggesting that *KLK4-KLKP1* may represent a distinct subtype of prostate cancer.Table 5ERG, SPINK1, ETV1, ETV4, and ETV5 Marker Status Compared with KLK4-KLKP1 StatusTable 5Molecular MarkerNo. of Cases with the Corresponding Marker StatusNo. of Cases with KLK4-KLKP1 RNA-ISH PositiveNo. of Cases with KLK4-KLKP1 RNA-ISH Negative*P* ValueERGNo. of cases with ERG negative130 (63%)355 (80%)No. of cases with ERG positive78 (38%)90 (20%)\<.001SPINK1No. of cases with SPINK1 negative184 (88%)387 (87%)No. of cases with SPINK1 positive24 (12%)57 (13%).703ETV1No. of cases with ETV1 negative197 (95%)423 (95%)No. of cases with ETV1 positive11 (5%)22 (5%).849ETV4No. of cases with ETV4 negative200 (96%)439 (99%)No. of cases with ETV4 positive8 (4%)6 (1%).077ETV5No. of cases with ETV5 negative193 (92%)425 (95%).217No. of cases with ETV5 positive16 (8%)23 (5%)PTENNo. of cases with PTEN loss57 (28%)159 (36%).032No. of cases without PTEN loss150 (72%)281 (64%)[^7]

Having thus confirmed the recurrent and the prostate cancer specific occurrence of *KLK4-KLKP1* fusion, we then studied the expression of *KLK4-KLKP1* fusion protein. Based on the sequence, the *KLK4-KLKP1* fusion gene is predicted to generate a full-length protein of 164 amino acids of which 55 are derived from the KLKP1 pseudogene ([Figure 1](#f0005){ref-type="fig"}*B*). To validate the *KLK4-KLKP1* expression as a full-length protein, we generated adenoviral constructs carrying the N-FLAG-tagged *KLK4-KLKP1* fusion gene and transfected to HEK293 cells. To stabilize the protein levels of *KLK4-KLKP1*, the cells were treated with bortezomib, a proteasome inhibitor. As a control, bortezomib-treated cells transfected with vector DNA alone were used. Expression of the fusion transcript was confirmed by qRT-PCR using fusion specific primers ([Figure 2](#f0010){ref-type="fig"}*A*). Cell lysates were analyzed by Western blotting using an anti-N-FLAG antibody. Importantly, we observed a FLAG-specific protein band around 17kDA ([Figure 2](#f0010){ref-type="fig"}, *B*, *C*), confirming the expression of *KLK4-KLKP1* as a full-length protein. For additional validation, we also checked the expression of N-FLAG-tagged *KLK4-KLKP1* using the anti-FLAG antibody in the normal prostate cell line RWPE-1, transfected with and without N-FLAG-tagged *KLK4-KLKP1* adenovirus construct. Notably, we detected anti-FLAG specific protein band only in the transfected RWPE1 cells (Supplementary Figure 6). Furthermore, we also developed a *KLK4-KLKP1* specific polyclonal antibody (Eurogentech, Seraing, Belgium) using the antigenic peptide "CTISATSSARTS" derived from the *KLKP1* pseudogene region of the fusion protein ([Figure 1](#f0005){ref-type="fig"}*B*). After cell lysis and SDS-PAGE, we probed HEK293 lysates transfected with and without N-FLAG-tagged *KLK4-KLKP1* adenovirus construct with the *KLK4-KLKP1* specific antibody using Western blot. A protein band around 17 kDa was observed ([Figure 2](#f0010){ref-type="fig"}, *B*, *C*), further confirming the expression of the chimeric *KLK4-KLKP1* protein and the specificity of the *KLK4-KLKP1* antibody to the fusion protein.Figure 2Validation of the expression of *KLK4-KLKP1* protein in HEK-293 cells and PDX tissues. (A) The qRT-PCR analysis HEK-293 cells transfected with and without FLAG tagged-*KLK4-KLKP1*. HEK-293 cells were transfected with adenoviral vectors carrying FLAG tagged-*KLK4-KLKP1* (adeno-FLAG-*KLK4-KLKP1*). As a control, untransfected cells treated with bortezomib were used. The expression of *KLK4-KLKP1* was confirmed by qRT-PCR. (B) Western blot analysis of HEK-293 cells transfected with FLAG-tagged *KLK4-KLKP1* using anti-FLAG, anti--*KLK4-KLKP1,* and anti--β-actin antibody. (C) Full images of Western blot analysis of [Figure 2](#f0010){ref-type="fig"}B. The full anti-Flag blot (left side) and the full anti--KLK4-KLKP1 blot (right side) are shown. The molecular weight ladder is also shown on the left. The arrowhead indicates KLK4-KLKP1 protein observed at the expected molecular weight. (D) Western blot analysis of *KLK4-KLKP1* qRT-PCR negative (MDA PCa144-13) and qRT-PCR positive (MDA PCa 153-7) PDX tissues using anti--*KLK4-KLKP1* and anti--β-actin antibody. (E) Full image of Western blot analysis of [Figure 2](#f0010){ref-type="fig"}D. The arrowhead shows a band observed around the expected molecular weight only in the *KLK4-KLKP1* qRT-PCR positive tissue sample (MDA PCa 153-7). (F) IHC staining of KLK4-KLKP1 qRT-PCR positive and qRT-PCR negative PDX models. (G) Representative images from a TMA stained with KLK4-KLKP1 RNA ISH probe (left) and KLK4-KLKP1 antibody (right). Comparison between IHC staining with anti-*KLK4-KLKP1* antibody and RNA-ISH on two representative TMA tissue cores. The IHC staining with anti--*KLK4-KLKP1* on a *KLK4-KLKP1* RNA ISH positive tumor core (left side) and a *KLK4-KLKP1* RNA ISH negative tumor core is shown. The inner circles show the enlarged images of a tumor area of the TMA tissue core.Figure 2

As an additional validation experiment, we then analyzed the expression of *KLK4-KLKP1* in prostate cancer patient derived xenografts (PDX) [@bb0145]. We first screened the expression of *KLK4-KLKP1* using qRT-PCR and identified 17 out of 31 PDX models positive for endogenous expression of *KLK4-KLKP1* (Supplementary Figure 7; [Table 6](#t0030){ref-type="table"}). Then, we selected one of the PDX tissues (MDA PCa 153-7) expressing high levels of *KLK4-KLKP1* and one with no detectable levels of *KLK4-KLKP1* (MDA PCA 144-13). After protein isolation and separation on SDS-PAGE, the lysates were probed with the *KLK4-KLKP1* specific antibody using Western blot. Importantly, we observed a protein band around 17 kDa only in the *KLK4-KLKP1*--positive PDX ([Figure 2](#f0010){ref-type="fig"}, *D*, *E*), indicating the endogenous expression of *KLK4-KLKP1* fusion protein in prostate cancer patients. Additionally, we also screened the expression of *KLK4-KLKP1* in xenograft tissues using IHC with the *KLK4-KLKP1* specific antibody. While *KLK4-KLKP1* expression was observed in qRT-PCR positive PDX tissues, minimal or no *KLK4-KLKP1* IHC signal was seen in qRT-PCR negative xenografts ([Figure 2](#f0010){ref-type="fig"}*F*), further suggesting the presence of *KLK4-KLKP1* protein in a subset of prostate cancer patients. Then, we compared the detection of KLK4-KLKP1 by IHC using the KLK4-KLKP1 antibody to that of RNA-ISH with the fusion specific RNA probe. We carried out IHC using the KLK4-KLKP1 antibody on TMAs that were already analyzed with RNA ISH for *KLK4-KLKP1* ([Figure 1](#f0005){ref-type="fig"}). Then we compared the staining with IHC with the *KLK4-KLKP1* RNA ISH signal we observed previously. The comparison showed positive IHC signal predominantly in the RNA ISH positive tissue cores compared to RNA ISH negative tumor cores ([Figure 2](#f0010){ref-type="fig"}*G*).Table 6List of PDX Models Used to Screen KLK4-KLKP1 Fusion GeneTable 6MDA PCa PDXs and a Cell LineSourceTreatmentMDA PCa 173-13TestisTherapy naïveMDA PCa 149-1Bladder, local extension of prostate cancerCRPCMDA PCa 153-7ThyroidCRPCMDA PCa 2bBoneCRPCMDA PCa 183-ABoneTherapy naïveMDA PCa 203-ABoneCRPCMDA PCa 101LiverCRPCMDA PCa 152-1BrainCRPCMDA PCa 175-10TestisCRPCMDA PCa 180-30ProstateCRPCMDA PCa 153-14ThyroidCRPCMDA PCa 175-2TestisCRPCMDA PCa 230-AChest wallCRPCMDA PCa 146-12Bladder, local extension of prostate cancerCRPCMDA PCa 188-2Bladder, local extension of prostate cancerCRPCMDA PCa 133-4BoneCRPCMDA PCa 180-11Bladder, local extension of prostate cancerCRPCMDA PCa 273-ARetroperitoneal LNCRPCMDA PCa 94Pleural effusionCRPCMDA PCa 118aBoneCRPCMDA PCa 144-4ProstateCRPCMDA PCa 144-13Bladder, local extension of prostate cancerCRPCMDA PCa 146-10Bladder, local extension of prostate cancerCRPCMDA PCa 146-20Bladder, local extension of prostate cancerCRPCMDA PCa 150-1BoneCRPCMDA PCa 155-12Bladder, local extension of prostate cancerCRPCMDA PCa 155-16ProstateCRPCMDA PCa 166-8Bladder, local extension of prostate cancerCRPCMDA PCa 177-BProstateCRPCMDA PCa 118bBoneCRPC

Given the exclusive expression of *KLK4-KLKP1* in prostate cancer, next we explored the functions of *KLK4-KLKP1* by studying the oncogenic properties of the fusion gene. Specifically, we established RWPE-1 cells with stable expression of *KLK4-KLKP1* by transfection with lentiviral constructs carrying FLAG-tagged *KLK4-KLKP1*. As controls, cells stably transfected with a LACZ control (LACZ) and un-transfected RWPE-1 cells were used. We first confirmed the expression of *KLK4-KLKP1* by qRT-PCR. The results showed significant expression of *KLK4-KLKP1* in transfected cells compared to both the untransfected cells and the LACZ control ([Figure 3](#f0015){ref-type="fig"}*A*). Then we investigated the effect of *KLK4-KLKP1* on cell proliferation by measuring the number of cells using a Coulter particle counter. Compared to the un-transfected cells and the LACZ control, a notable increase in the cell number was seen over time in *KLK4-KLKP1* transfected cells ([Figure 3](#f0015){ref-type="fig"}*B*), indicating a role of *KLK4-KLKP1* on cell proliferation. Next, we studied the effect of *KLK4-KLKP1* in cell invasion using the Matrigel invasion assay. Importantly, a significant increase in the number of invading cells was observed with *KLK4-KLKP1* transfected cells compared to both the untransfected and the LACZ control ([Figure 3](#f0015){ref-type="fig"}*C*). For additional validation, we also transiently transfected PrEC, another normal prostate cell line with *KLK4-KLKP1*. As controls, untransfected cells and cells transfected with a LACZ control were used. Additionally, we also used cells transfected with *EZH2*, which has been shown to increase invasion of prostate cancer and other cancer cells [@bb0150], [@bb0155], as a positive control. The invasion of cells was then examined by the Matrigel invasion assay. Like RWPE-1, PrEC cells also showed a significant increase in the number of invading cells in *KLK4-KLKP1* transfected cells compared to both the untransfected and the LACZ control ([Figure 3](#f0015){ref-type="fig"}*D*). As expected, cells transfected with EZH2 also demonstrated increased invasion compared to the LACZ control and the untransfected cells ([Figure 3](#f0015){ref-type="fig"}*D*). In all, our studies indicate that *KLK4-KLKP1* promote both cell proliferation and invasion of prostate cells, suggesting an oncogenic role for *KLK4-KLKP1* fusion.Figure 3Functional characterization of *KLK4-KLKP1*. (A) qRT-PCR validation of *KLK4-KLKP1* expression in RWPE-1 cells after stable transfection with FLAG tagged-KLK4-KLKP1. As controls, untransfected cells (control) and cells transfected with LacZ were used. (B) Analysis of cellular proliferation in RWPE-1 cells stably expressing FLAG tagged *KLK4-KLKP1*. Cells were plated in 96-well plates. The number of cells was measured on days 2, 4, 6, and 8 using a Coulter particle counter. Cells untransfected and transfected with LACZ were used as controls. (C) Analysis of cell invasion in RWPE-1 cells. The invasion of RWPE-1 cells stably transfected with either FLAG tagged-*KLK4-KLKP1* or LacZ was studied using the Boyden chamber assay. Untransfected cells were also used as a control. After invasion of cells into the invasion chamber, cells were fixed and visualized using crystal violet. Additionally, the invasion chamber membranes carrying the fixed cells were dipped in glacial acetic acid, and the absorbance at 560 nm was also measured. Representative images of the crystal violet--stained cells that underwent invasion in each case and the absorbance at 560 nm are shown. (D) Analysis of cell invasion in PrEC cells. The cellular invasion in PrEC cells transfected with FLAG tagged-*KLK4-KLKP1* was performed as described in panel C. The number of invaded cells was counted and plotted. In addition to LACZ and untransfected cells, PrEC cells transfected with *EZH2* were also used a control. (E) Intravasation of RWPE-1 cells measured using CAM assay. RWPE-1 cells stably transfected with FLAG tagged-*KLK4-KLKP1* were implanted on eggs. The presence of intravasated cells in the lower CAM was assessed by quantitative human Alu-specific PCR. Untransfected cells and cells transfected with LACZ were used as controls. (F) Analysis of weight of extraembryonic tumors isolated from eggs implanted with RWPE-1 cells stably expressing FLAG-tagged *KLK4-KLKP1*. Cells transfected with LACZ and untransfected cells were used as controls. Abbreviations: CAM, chicken chorioallantoic membrane.Figure 3

In order to further understand the oncogenic properties of *KLK4-KLKP1*, we also studied the effects of *KLK4-KLKP1* fusion on intravasation and tumor formation using the chicken chorioallantoic membrane (CAM) *in vivo* assay [@bb0110], [@bb0160]. We implanted eggs with RWPE-1 cells stably expressing *KLK4-KLKP1* and then checked for the presence of intravasated cells in the lower CAM by using quantitative human Alu-specific PCR. As controls, eggs implanted with either untransfected cells or cells stably transfected with a LACZ control were used. Notably, we observed a marked intravasation by *KLK4-KLKP1* transfected cells in the lower CAM compared to both untransfected cells and LACZ control ([Figure 3](#f0015){ref-type="fig"}*E*). Additionally, we also isolated and weighed the extraembryonic tumors from eggs implanted with either *KLK4-KLKP1* transfected cells or controls. The tumors isolated from eggs implanted with cells expressing *KLK4-KLKP1* showed significantly higher weight than the tumors isolated from eggs treated with the untransfected cells and the LACZ control ([Figure 3](#f0015){ref-type="fig"}*F*). Overall, the results establish that *KLK4-KLKP1* drives intravasation and tumor formation in prostate cells, indicating a potential role in prostate cancer development.

Further, we investigated the molecular mechanisms underlying the oncogenic functions of *KLK4-KLKP1* fusion. We conducted a gene expression microarray analysis using RWPE-1 cells stably transfected with *KLK4-KLKP1*. As the control, cells transfected with LACZ control were used. After RNA isolation and microarray analysis, we observed a significant number of genes expressed differently between the RWPE-1 cells transfected with *KLK4-KLKP1* and the LACZ control. We selected the genes showing a fold change value of more than one in two independent replicates and generated a heat map with the top 100 genes differentially expressed ([Figure 4](#f0020){ref-type="fig"}*A*). We noted genes both up- and downregulated in cells expressing the *KLK4-KLKP1* fusion, suggesting a role for *KLK4-KLKP1* in gene expression regulation. Further, we also carried out a gene set enrichment analysis [@bb0165] to explore any overlap between the differentially expressed genes observed with *KLK4-KLKP1* transfection and other curated gene sets. Importantly, we noted enrichment of two curated gene sets, one involving genes upregulated in endometroid endometrial metastatic tumor and the other containing genes overexpressed in melanoma metastatic cancer ([Figure 4](#f0020){ref-type="fig"}*B*), indicating that the genes affected by *KLK4-KLKP1* are associated with metastatic cancer. As a further step, we also carried out a KEGG pathway analysis using the DAVID tool [@bb0170]. The genes differentially affected by *KLK4-KLKP1* were shown to be associated with several cancer-related pathways ([Figure 4](#f0020){ref-type="fig"}*C*), further implying that *KLK4-KLKP1* may regulate the expression of genes involved in cancer and metastasis.Figure 4Gene expression analysis of *KLK4-KLKP1*. (A) Heat map showing the top 100 genes differentially expressed in RWPE-1 cells stably transfected with *KLK4-KLKP1* compared to cells transfected with LACZ. The results from two independent trials are shown. (B) Gene set enrichment analysis of differentially expressed genes. The genes were enriched in two curated gene sets, one involving genes upregulated in endometroid endometrial metastatic tumor "BIDUS_METASTASIS_UP" (top image) and the other including genes overexpressed in melanoma metastatic cancer "WINNEPENNINCKX_METASTASIS_UP" (bottom image). (C) Top 10 KEGG pathways enriched in differentially expressed genes obtained using DAVID tool.Figure 4

Given the well-established role of androgen receptor (*AR*) in gene expression in prostate cancer [@bb0175], we also explored if *AR* is driving the expression of *KLK4-KLKP1* in prostate cancer. Additionally, since we observed concurrent expression of ERG with *KLK4-KLKP1* ([Figure 1](#f0005){ref-type="fig"}*G*), we also studied if *ERG* is involved in the expression of *KLK4-KLKP1*. Therefore, to identify any AR or ERG binding sequences on *KLK4* or *KLKP1*, we examined data from a previous study where a chromatin immunoprecipitation assay was carried out using antibodies specific to *AR* and *ERG* [@bb0180]. Notably, we observed both *AR* and *ERG* binding sites at the fusion junction of *KLKP1* (Supplementary Figure 8), suggesting that both *AR* and *ERG* may modulate the expression of *KLK4-KLKP1* during prostate cancer formation.

For further characterization of the functional role of *KLK4-KLKP1*, we also studied the cellular localization of *KLK4-KLKP1*. We carried out immunofluorescence studies on RWPE-1 cells transfected with adeno-FLAG tagged-*KLK4-KLKP1* using fluorescent anti-FLAG antibody. As a control, cells transfected with adeno-LacZ were used. While cells transfected with adeno-Lacz showed minimal immunofluorescence as expected, notably, we observed colocalization of *KLK4-KLKP1* immunofluorescence signal with DAPI (4, 6-diamidino-2-phenylindole, Supplementary Figure 9), indicating that KLK4-KLKP1 is localized in the nucleus of the cells. Further, the nuclear localization signal predicting program, cNLS mapper [@bb0185], predicted a nuclear localization signal "**RPLLANDLKLIKLDESVSESDTIRSISIASQCPTA"** in KLK4-KLKP1 sequence, validating the immunofluorescence results. IHC analysis using KLK4-KLKP1 specific polyclonal antibody and RNA ISH analysis recognized samples positive for KLK4-KLKP1 expression; however, the nucleus specific expression is not ruled out ([Figure 2](#f0010){ref-type="fig"}, *F*, *G*).

The prostate cancer specific expression of *KLK4-KLKP1* in a subset of patients indicates the possible use of *KLK4-KLKP1* as a biomarker for prostate cancer. Therefore, to further explore the potential utility of *KLK4-KLKP1* as a prostate cancer marker, we investigated the association between *KLK4-KLKP1* expression and preoperative PSA of the 659 patients in our cohort. Specifically, we performed a *t* test to evaluate the difference in log-transformed preoperative PSA between cases with and without *KLK4-KLKP1* expression. Interestingly, patients with *KLK4-KLKP1* expression showed slightly lower preoperative PSA values compared to patients without *KLK4-KLKP1* expression **(**Supplementary Figure 10). As a further step, we also analyzed the association between *KLK4-KLKP1* and the time to biochemical recurrence using multivariable Cox regression model. Patients with *KLK4-KLKP1* showed a lower risk of biochemical recurrence (HR = 0.58; Supplementary Figure 11) after adjusting for age, Gleason Grade Group, and tumor stage. However, the difference in recurrence was not statistically significant (*P* = .12) due to the small number of patients showing recurrence (*n* = 49). Additionally, we also analyzed the association of *KLK4-KLKP1* with other clinical and pathological parameters such as family history, tumor stage, tumor volume, metastasis to lymph nodes, perineural invasion, and the presence of lymph vascular invasion using Pearson\'s chi-square test. No statistically significant association was observed between *KLK4-KLKP1* and the clinicopathological variables. Lastly, we explored the feasibility of noninvasively detecting *KLK4-KLKP1* in urine samples of prostate cancer patients like TMPRSS2-ERG gene fusions [@bb0190]. We collected urine samples from 90 unselected prostate cancer patients. All patients had confirmed prostate cancer, with most having metastatic or biochemically recurrent disease. Then we screened for *KLK4-KLKP1* transcript using qRT-PCR. As a positive control, RWPE-1 cells stably expressing *KLK4-KLKP1* were used. Importantly, *KLK4-KLKP1* expression was detected in 15 out of 90 (17%) patient samples (Supplementary Figure 12), suggesting the potential for noninvasive detection in patient urine samples. Overall, our study establishes *KLK4-KLKP1* as a recurrent chimeric transcript exclusively expressed in prostate cancer tissues with implications on disease progression and feasibility of being noninvasively detected in patient urine samples.

Discussion {#s0085}
==========

Given the complex, heterogeneous nature of prostate cancer, the identification of distinct patient subgroups based on molecular markers is a necessary step towards targeted disease management. Therefore, in this study, we further explored and characterized a pseudogene associated gene fusion *KLK4-KLKP1*. We established that *KLK4-KLKP1* is a recurrent, prostate cancer specific fusion transcript that occurs at a significant incidence rate (32%) among prostate cancer patients. Similar to other distinct molecular aberrations such as ETS rearrangements [@bb0045] and *SPINK1* mutation [@bb0050], *KLK4-KLKP1* was observed only in a subset of prostate cancer patients. However, unlike the mutually exclusive pattern of expression of ETS rearrangements and *SPINK1*, *KLK4-KLKP1* showed concomitant expression with *ERG*, indicating possible cross talk with ERG. Notably, *KLK4-KLKP1* expression was associated with intact *PTEN* status, suggesting these fusion positive tumors are distinct molecular subtypes from ERG+/PTEN− tumors. Interestingly, full-length normal *KLKP1* transcript showed normal prostate specific expression (GTEX portal) and not in prostate cancer. However, despite *KLKP1* being categorized as a pseudogene, using Western blot, we showed that *KLK4-KLKP1* is expressed as a full-length protein in prostate cancer in a rare phenomenon where gene fusion leads to the inclusion of a pseudogene segment in an expressed protein. Importantly, *KLK4-KLKP1* promoted proliferation, invasion, intravasation, and tumor formation, suggesting functional implications on prostate cancer development. Moreover, gene expression studies revealed considerable transcriptional changes in cancer-related genes in cells transfected with *KLK4-KLKP1*, which may indicate that *KLK4-KLKP1* may play a role in transcription during prostate cancer formation. In agreement with a role in transcriptional regulation, *KLK4-KLKP1* was also seen to be localized in the nucleus; however, further studies are needed to understand the nuclear expression and its effects. Furthermore, both *ERG* and *AR* were found to have strong binding sites on *KLKP1*, indicating that *KLK4-KLKP1* expression is modulated by *ERG* and *AR.* Finally, we showed that *KLK4-KLKP1* can be easily detected in patient urine samples, suggesting the feasibility to use as a biomarker for noninvasive detection of prostate cancer. Altogether, our study establishes *KLK4-KLKP1* as a novel player in a subset of prostate cancer cases with likely roles in tumor formation.

Long thought to be junk or nonfunctional units of the human genome, pseudogenes have been recently acknowledged to have key cellular roles, particularly in diseases such as cancer [@bb0195]. While some pseudogenes are known to be transcribed into noncoding RNA [@bb0195], a few pseudogenes have been shown to be even expressed as proteins [@bb0100]. Studies have revealed that several different variants of *KLKP1* pseudogene are transcribed exclusively in prostate tissues (Supplementary Figure S1) in an androgen-regulated manner [@bb0105], [@bb0200]. Of the different variants, at least one *KLKP1* variant has been shown to be expressed as a protein in a transfected cell, although not *in vivo* [@bb0105]. Even though the variant chimeric transcripts of KLK*4-KLKP1* have been previously described [@bb0205], [@bb0210], it has not been reported to be expressed as a protein and the functional characteristics have not been explored. Importantly, we verified that *KLK4-KLKP1* is expressed as a full-length protein in both transfected cells and endogenously in castration-resistant prostate cancer (PDX), suggesting the occurrence in prostate cancer tissues. In contrast to *KLK4*, which is overexpressed in prostate cancer with roles in cell proliferation, migration, and cancer metastasis [@bb0215], [@bb0220], [@bb0225], all KLKP1 variants are known to be expressed more in normal prostate tissues compared to prostate cancer [@bb0105], [@bb0200]. However, *KLK4-KLKP1* is exclusively expressed in prostate cancer with co-occurrence with ERG+ tumors. Thus, our results indicate novel complexity in the *KLK4* and *KLKP1* locus and hint at the differential expression of the loci in prostate cancer cells compared to normal prostate cells. Given the presence of *AR* and *ERG* binding sites on *KLKP1* and the previous reports demonstrating *AR* regulation of *KLKP1* expression [@bb0105], [@bb0200], it is likely that prostate cancer specific expression of *KLK4-KLKP1* is modulated by *AR* and *ERG*. Furthermore, additional variants of *KLK4-KLKP1*, which are different from the *KLK4-KLKP1* transcript observed in prostate cancer, have also been reported in renal cell cancer [@bb0210]. While the alternative *KLK4-KLKP1* transcripts were found to occur in a considerable subset of renal cell cancer cases (27%), none of the variants were shown to be expressed as proteins. Thus, *KLK4-KLKP1* may be spliced and expressed differently in a tissue specific manner in distinct cancers. Taken together, our results suggest that *KLK4* and *KLKP1* may be a diverse locus that undergoes differential splicing and transcription with functional implications in cancer. Consequently, our work highlights unprecedented roles of pseudogenes and complex molecular events involved in cancer.

In agreement with previous reports indicating significant molecular heterogeneity among prostate cancer cases [@bb0035], *KLK4-KLKP1* was expressed only in a subset of prostate cancer patients (32%). Additionally, *KLK4-KLKP1* expression was significantly higher in younger patients compared to older prostate cancer patients. Given the oncogenic properties and the transcriptional changes observed with *KLK4-KLKP1*, our results suggest that distinct molecular changes may dictate unique prostate cancer clinical outcomes among patients. Thus, our study further emphasizes the need for specific molecular markers for patient stratification in prostate cancer control.

In addition to enhancing cell proliferation, invasion, and tumor formation, *KLK4-KLKP1* also caused marked changes in gene expression. Notably, genes affected by *KLK4-KLKP1* were cancer-related and were involved in the metastasis of other cancers, implicating a functional role for *KLK4-KLKP1* in prostate cancer. Additionally, ERG was found to have a binding site on *KLK4-KLKP1*. Given that ERG expression was associated with *KLK4-KLKP1*, *ERG* may bind to the *KLKP1* locus and may promote the expression of *KLK4-KLKP1* in a subset of prostate cancer patients. Thus, it would be interesting to investigate the role of *ERG* on the expression and the oncogenic functions of *KLK4-KLKP1*.

Even though *KLK4-KLKP1* was implicated in metastatic prostate cancer, the association of *KLK4-KLKP1* with intact *PTEN* status and lower preoperative PSA values also hints indolent disease in prostate cancer patients with *KLK4-KLKP1* expression. Nevertheless, larger studies exploring the association between *KLK4-KLKP1* expression and prostate cancer clinical outcomes are necessary to establish *KLK4-KLKP1* as a biomarker for prostate cancer. Furthermore, detailed studies are also necessary to fully understand the molecular mechanisms through which *KLK4-KLKP1* promotes prostate cancer formation. Consequently, such studies will explore the potential of *KLK4-KLKP1* as a biomarker and a therapeutic target in prostate cancer, eventually making significant contributions towards achieving effective prostate cancer control.

Conclusion {#s0090}
==========

In conclusion, here we describe a novel, prostate cancer specific fusion transcript involving the protein coding gene *KLK4* and the pseudogene *KLKP1*. The unique feature of *KLK4-KLKP1* transcript is the conversion of a noncoding pseudogene into a protein coding gene with expression as a full-length protein. Given the prostate cancer specific expression, the oncogenic properties, and the noninvasive detection, *KLK4-KLKP1* may have potential applications as a therapeutic target and a biomarker for early detection of prostate cancer.
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